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DESIGN, MODELLING AND SIMULATION OF A REMOTELY OPERATED
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Té6m tit. Nbi tiép theo phan mot da duge xuit ban, bai béo tap trung vao viéc nang cip phan cing
va xay dyng mo hinh thyc té &o cho thiét bi lin ba dong co day. Dau tién, hé théng dieén tit bao gdm
cam bién va cac mach giao tiép dugc thiét lap cho thiét bi lan. Bo didu khién vong kin st dung ciu
tric master-slave bao gdm mot may tinh tram va bo vi xit Iy ngudn mé. Dé nang cao kha ning diéu
khién ctia hé théng, moé hinh thyc té 4o dugc xay dung vh mo ta céc trang thai ctia ROV. Dua vao
céc tin hiéu phan hdi tit cAm bién, mo hinh 4o van hanh tuong ty nhu phuong tién that. Do d6, né
ting kha niang giam sit qua trinh van hanh ROV trong moéi trudng ma tam quan sat bi han ché.
Cudi ciing, chuong trinh moé phéng theo thai gian thyc duge tién hanh dé danh gia sy tuong tac giita
ngudi diéu khién va moé hinh 4o. Dé hién thuc héa cdm giac trung thic khi diéu khién, 4nh huéng
ctia nhiéu tit cdm bién va ctia dong chdy dudc them vao chuong trinh moé phéng. Két qué mo phéng
cho thay, dap tng ctia thiét bi lin bén vitng bat chip sy c6 mat clia nhifu tit moi trudng bén ngoai.

T khéa. Phuong tién ngam, phan cting ngudn md, mo hinh thuyc té ao.

Abstract. Continuing the previously published study [4], this paper focuses on hardware and Virtual
Reality (VR) model development of a three-thruster Remotely Operated Vehicle (ROV). The paper
included setting up an on-board electronic system with the associated suite of sensors and the required
communication protocol. This system utilises a master-slave structure, which consists of an onshore
station computer and an on-board open source microcontroller. To improve the controllability of the
driving system, a VR model of the ROV is designed to reflect the altitude and attitude of the physical
vehicle. By using the feedback signals from the sensors, the VR model operates in a similar manner to
the actual vehicle. Hence, it provides the operator with the capability to monitor the ROV operation
within a virtual environment and enables the operator to control the ROV based on the visual inputs
and feedback. Finally, real time simulations are presented to validate the interaction between the
ROV operator and the VR model. To provide realistic operational conditions, the effects of sensor
noise and water current disturbances are included to the simulation programme. The results show
that the performance of the VR ROV is stable even with these disturbances.

Key words. Underwater vehicle, open source hardware, virtual reality model.

Nomenclature
Symbol Description
Jo Advance ratio
Wnoise, Unoise Process and observation model noise

Qnoi ses Rnoi se Noise covariance
P Covariance matrix of error

K Kalman gain
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Symbol Unit Description

I kgm2 moment of inertia of rotational shaft
K; N.m/A torque constant

Ky V.s/rad electromotive force constant

Q N.m Torque of motor

b Nms/rad  Viscous friction coefficient

Ra Q Resistance

La H Inductance

ia A Armature current

w Rad/s Angular velocity of the thrusters
Va \% Armature voltage

K K Q Torque and thrust coefficient

Abbreviation

CFD: Computational Fluid Dynamics, DOF: Degree of Freedom, ROV: Remotely Operated
Underwater Vehicle, VR: Virtual Reality, UUV: Unmanned Underwater Vehicles.

1. INTRODUCTION

Remotely Operated Vehicles (ROVs) used in the maritime industry are Unmanned Under-
water Vehicles (UUVs) that are controlled by human input and via signal transmission cables,
from control stations that are remote to the vehicle. Currently, ROVs are used in the maritime
industry for a diverse range of functions, including seabed and subsea exploration, underwater
inspections, maintenance operations, security tasks, and defence activities. These ROVs are
able to replace humans to carry out missions in hostile and hazardous underwater environ-
ments. However, controlling ROVs is not a straightforward task due to the highly nonlinear
characteristics of the vehicles and external disturbances from the environment such as water
current, waves, temperature, and pressure that will influence the performance of the vehicle.
In the past, a number of algorithms have been proposed by researchers to meet the control
requirements with some well-known examples given below.

Smallwood & Whitcom [1] have proposed a combination between linear Proportional
Derivative (PD) control and adaptive control for a six degree-of-freedom (6-DOF) ROV. Be-
sides linear approaches, intelligent control has also been widely applied to UUVs. For examples,
Marzbanrad et al. [2] studied the robust adaptive fuzzy sliding model for trajectory tracking,
while Ken et al. [3] implemented fuzzy to develop a docking guidance system for an ROV
operating in ocean currents.

In this project, the ROV system described in [4] is modified and upgraded. The sensors
systems including the Inertial Measurement Unit (IMU), magnetometer, pressure sensor, etc.,
are installed on the ROV frame to acquire the states of the vehicle. The sensor data is collected
by an Arduino board, a low cost open sources on-board electronic system. The low cost system
can be developed on a personal computer or laptop using readily available peripheral devices
such as a serial communication board and a microcontroller, thus easily lending itself for
undergraduate student projects.

In order to improve the controllability of the driving system, a Virtual Reality (VR) model
of the ROV was developed to simulate the behaviour of the vehicleto the different control al-
gorithms [5, 6]. Based on the feedback signal from the sensor system, the VR model operates
exactly in a similar manner to that of the actual vehicle.To validate the interaction between
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operators and the VR model, real time simulations are carried out using the relevant mathe-
matical models. The 6-DOF vehicle model is developed using the appropriate kinetics, which
included hydrodynamic and inertia coefficients obtained using a combination of experimental,
analytical, and Computational Fluid Dynamics (CFD). In order to provide the effects of a
typical marine environment, sensor noise and water currents are added to the simulation pro-
gramme. Kalman filters and closed-loop control algorithms are utilised within the simulation
to improve the controllability of the driving system.

2. ROV SYSTEM UPGRADE

2.1. Control Hardware

The ROV, namely AMC-ROV-IV [4] shown in Figure 1, is developed as a test vehicle for
this project. It consists of a frame constructed from PVC pipes and aluminium with three
waterproof dc motor driven propellers; each having a maximum thrust force of 8N, providing
two propulsion thrusters and one vertical thruster.
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(a) Reference frames (b) Actual ROV (c) Structure of ROV control system
Figure 1. AMC ROV-IV system and control structure

The control structure of the ROV is shown in Figure 1, consisting of 3 main parts: ROV
controller (on-board system), control station (onshore system) and joystick controller.

The operations of the first part are governed by the main Arduino Mega 2560 board.
This microcontroller board is connected with the peripheral sensors such as an IMU, digital
magnetometer and pressure sensor, which provide the states of the vehicle including accelera-
tion, rotational rate, depth, and direction. All information from the sensors is gathered by the
Arduino microcontroller and sent to the control station via a RS-485 serial communication
device at the baud rate of 115200bps. The main control algorithm within the station com-
puter receives and processes the raw data, combining with the driving commands from the
joystick togenerate control signals to be sent back to the microcontroller via the transmission
cable to activate the relevant thrusters. Thus, the microcontroller is required to have only one
fixed program to carry out the mission, while the control algorithms, which require higher
computational power, are developed and reside within the onshore computer.

The main advantage of the master-slave control structure is the flexibility. It is easier to
modify the control algorithm in the station computer than to re-program the microcontroller
(on-board system)inside the ROV. In addition, the proposed control structure can be consid-
ered as a low cost solution for ROV control, as it does not require any special devices such
as embedded computers with high standard I/O interface cards. Complex algorithms can be
developed within the onshore computer.

The resolution of the gyroscope and accelerometer within the IMU can be defined by
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modifying the value in the registers of the microprocessor. The measureable range and the
resolution of the sensors on the AMC ROV-IV used in this project are given in Table 1.

Tablel. Sensors of the ROV

Sensor Measureable range | Resolution
Gyroscope +250° /s 16 bit
Accelerometer +2g 16 bit
Magnetometer +1.3 12 bit
Pressure sensor | 0 to 75 psi 10 bit

2.2. ROV and thruster modelling

In order to verify the control algorithm effects of the external disturbances due to the
ocean currents are considered. The velocity vector of the irrotational currents is defined as
Ve = [Ue, Ve, we, 0,0, 0] with the assumption that the vertical disturbances are neglected. The
kinecticequation of the ROV including the current disturbance in [7] can be re-written as [1],

Mv, +C (vp)vr+ D (vy) v, +G(n) =T, (1)
where M, C', D, G and T are the inertial, coriolis, damping, restoring force and thrust matrices,

respectively, and v, defined as v, = v — v, is the relative velocity vector. The details of these
matrices can be referred to [5].

In AMC ROV-1V, the three thrusters consist of dc motors connected directly to propellers.
Since the speed of an armature controlled dc motor depends on the armature voltage V,, the
differential equations of a dc motor are given by,

-1 B (T le e

The parameters in Equation (2) are defined in Nomenclature.

Based on the rotational speed of the motor shaft and the relative speed of the ROV, the
advance ratio Jy for the ROV is given by,

I~

Up

J, (3)

~ pDwlw|’
where u,, D and p are surge velocity, propeller diameter and fluid density, respectively.

Fossen [7] showed that the thrust K7 and torque K¢ coefficients are linear to Jy. Thus,
these coefficients are calculated using the formula

Kr = a1J, +ag; Kg = pB1J, + B2, (4)

where «; and f3; (i = 1,2) are four non-dimensional constants, which are determined by the
experiments. Next, thrust T and torque @ are calculated by the rotational speed of the motor
shaft as

T = pD*Kr (Jo)wlw|; Q= pD°Kgq (J,)w|w|, (5)
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where @ is a propeller torque generated by the dc motor described in Equation (2).

2.3. Re-estimatingthe hydrodynamic coefficients

Due to the modification of the ROV frame, the CFD analysisand added mass calculation
are conducted to re-estimate the coefficients of the system. Thus the coefficients in Part 1 [4]
are modified as shown in Table 2.

Table 2. Estimated ROV coefficients

Coef Value Coef Value Coef Value Coef Value

L 480mm b 290mm Y, -2.322 kg YU|U| -19.37 kgm |
m 3.2 kg I, | 0.091 kgm?® | Zy 256 ke | Zyjw| | -24.6 kgm T
I, | 0.153kgm? 2 75mm Ky | -0045 kgm® | Ky -0.081kgm
B 32.5N I Omm Mg | -0.068 kgm® | My, -0.26kgm
12 50mm l3 180mm Nf 0.038 kgm2 NT’|T\ -0.198 kgm
Ty Omm Yb Omm Xy | -0.65 kgs_1 Kp —0.029kgms_1
2 0.07m K | o03mNm/v | Y, | -073kes 1| M, |[-0075kgms™}
Xy | -1536kg | Xy | -126kem T | Zy | 075kgs™ T | N, | -0.052kgms”

3. CONTROL STRUCTURE AND ROV STATES OBSERVATION

3.1. Control structure

In Section 2, the complete dynamic model of the ROV was studied with the voltages to
the thruster motors as inputs and the ROV performance as outputs. This section introduces
a control algorithm for trajectory tracking, which is defined by the waypoints summarised in
Figure 2.
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Figure 2. Control diagram of ROV system
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The closed-loop control system consists of the ROV model, the controller, and signal
processing. The ROV operator gives the commands to the system via the multi-DOF joystick.
The controller synthesises the operator’s control commands and the feedback data to generate
the appropriate control voltages for the thrusters, which provide the thrust forces to drive the
ROV in accordance with the desired motions. The states of the vehicle are obtained by the
sensors and filtered by a signal processing algorithm to eliminate random noise.These filtered
signals are used for the next control iteration and the virtual reality monitor.

3.2. Kalman filter for estimating ROV states

The Kalman filter is an efficient recursive filter that estimates the state of a linear or
nonlinear dynamic system from a series of noisy measurement [7]. In this project, the speeds
and accelerationsof the ROV are acquired by the 6-DOF IMU sensor, with the signals including
noise and bias. By fusing the estimated velocities with the data from sensor system, a Kalman
filter reduces the variation of the noise, thus providing a ‘cleaner’ and improved feedback
signal to the controller. In this paper, the surge, yaw rates and depth are estimated by using
a Kalman filter.

3.2.1. Estimation of surge, heave and yaw velocities
The estimated model and observation equation are given by
j/'s =A- Ts + B (T) + Wnoise; Ys = H - Ts + Zsensor + Vnoises (6)

where
]T.

xs: state vector which includes the surge, heave velocity and yaw ratexg = [ u, v, 7, ]';

B (T): torque matrix whose values are estimated in the section below;

Wpoise: Process noise which is assumed to be a zero mean Gaussian white noise process

Qu 0 0
with covariance matrix Quuie = | 0 Quw 0 |
0 0 @

H: observer vector;
Zsensor: State vector from the sensors;
Unoise: NoOise vector whose covariance matrix is R.

Matrix A in equations (6) can be derived from the kinetic equations of the ROV in equation
(1) as follows

A= M-V [-C(v) - D)]; B(T)=MT, (7)
Step 1: Define the initial state vector and covariance matrix as
Covariance matrix of error P (0) = E [(xs (0) — &5 (0)) (s (0) — & (0))T]. (8)

Initial state vector

with K (¢) = [ K1 (t) Ka(t) |.
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Step 3: Estimate state propagation by updating the new state vector as per the following
formula,

s (1) = A- &, () +B(T(1) + K () [ys (t) = C - &5 ()], (11)
Ts (t) = Ts (t) + 25 (t) dt. (12)
Step 4: Update error covariance matrix for the new iteration as
Pt)y=A-Pt)+P(t)-AT+Q— P(t)-HT"-R™* - H-P(t), (13)
P(t)=P(t)+ P(t)dt. (14)

The loop is repeated from Step 2 until the end of the operating process.
3.2.2. Estimation of the thrust force

It can be seen that the thrust forces are required as input variables for the ROV state
estimation algorithm. These parameters can not be measured directly, thus, in this section,
an observer is proposed to estimate the thrust forces from the measurable variables.

From equation (2) the relationship between the input voltage V, and torque @ is expressed

as
K . R, b|. R KK 1. R,
= Ze gy 2 - . 1
T AGE [La +I}°" [Lal+ LGI}WJFIQJFL(JQ (15)
To brief the above equation, the parameters are defined as
Ky R.,b  KyK; R, b R, 1
L VA — . —_ | @ i _ ~a. = = 1
b1 LaIV“’ ay [Lal Lal] ;a2 [La+l]’cl I C2=7 (16)

Replacing the newly defined parameters in Equation (15) yields the following formula
b1V, = & + aser + ayw + Q + ¢1Q. (17)

As mentioned, the parameters of a dc motor are known, except for the torque disturbances
Q due to the environment. Thus, the observer is designed by

b1Vy = & + a2t + a1 + 2Q + a1Q, (18)

where @ and Q are the rotational speed and estimated torque of the numerical actuator model
respectively.

As shown in Section 3, the resistant torque ) on the motor shaft has a linear relationship
with the thrust force. Therefore, thrust T is indirectly estimated by determining (). For this
purpose, the following rotational error between the two equations given in (17) and (18) must
be minimised as follows. Accordingto Srissertpol [8], the following update rules are applied to
satisfy the condition

d*Q , . d .
W = —72€wC2; E = —71€wC1. (19)
Therefore, the formula representing the thrust force observation is presented as
Q(t) = —éu () (ner +72e2); Q) =Q(E—1)+Q(1). (20)

Substituting the estimated value of the resistant torque into Equation (5), the torque
coefficient is calculated by

: Q

Ko=————. 21
Q pDSW‘UJ| ( )
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From Equation (4), the advance ratio is obtained as

. Ko-—

J, = Q—ﬂQ (22)
B

Substituting Jy into Equations (4) and (5), the estimated propeller thrust () is derived.

4. VIRTUAL REALITY SIMULATION

4.1. Virtual reality environment

Based on the mathematical models that describe the relationships between the inputs and
outputs, the VR system generates a similar performance to that of the physical system and
provides the user with a realistic interaction experience. In this paper, a virtual ROV model
is developed based on the hydrodynamic coefficients which are identified in Table 2. Based
on the performances of the virtual model, the control system is evaluated and improved to
meet the desired outcomes. A by-product is that a VR system is also a low cost operator
training solution, which is based on easily accessible and relatively affordable equipment. Due
to the ability to mimic the behaviour of the actual vehicle and its environment, VR provides
operators with arealistic operating environment to prepare them for actual missions.

- e
—_—————

| =
— = oy =JF L0 g "D N

Figure 3. Control joystick and ROV model ina virtual environment

The dynamic model in Equation (3) and the parameters in Table 2 are used to develop the
relationships between the input thruster forces and the output ROV speeds. The mathematical
model of the thruster motors given in Equation (4) is applied and linked directly to the ROV
dynamic model. In addition, an analogue joystick (Figure 3) using an Arduino controller was
built and combined with the VR programme through a serial communication port.

4.2. Simulation results

The driving joystick system (Fig 3) was ‘plugged’ into and combined with the simulation
programme. As the pilot pulls or pushes the button, the output voltage of the joystick is
interpreted as the speed command and is used as the input for closed loop controller. For
simplicity, the conventional PID control law is used to generate the control signal for the
system by
de(t)

dt ’

V, = Kpe (t) + K; / e(t)dt + Ky (23)
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where V, is the control signal, e(t) is the error, and K,, K; and Ky are the proportional,
integral and derivative control gains, respectively. In this simulation, the PID gains are set as:
K, =10, K; =5 and K4 = 0. In order to test the robustness of the control system, a medium
range water current is included by using the following random disturbance current profiles

dv,
dt

= —V¢ + Bryoise; (24)

where T,,0is¢ 1S White noise, whose mean and variance are 0 and 0.2, respectively, and B is the
parameter that identifies the range of the disturbance (B = 1).

In this study, an ROV operator attempts to control the ROV to follow the rectangular
trajectories,which are predefined by the way points shown in Figure 4. It can be seen from
the simulation results that the basic form of the desired path is achieved regardless of the
effects from the external disturbance and sensor noise. The responses of the forward speed,
yaw rate and depth are shown in Figure 5, from whose first three graphs it is seen that with
the designed closed loop control system, the ROV is able to accurately follow the commands
giving by the operator. The steady state errors between the reference values and the ROV
responses are small (less than 5%), and there is no significant overshoot at any point due to
the high damping effect of the surrounding water.

There is the difference between the actual and the estimated forces due to the errors within
the dc motor mathematical model. These errors lead to an unreliability of the results obtained
from the ROV mathematical model.In addition, the raw data from the sensor also contain
a white noise(0 mean and 0.05 variance)to simulate the performance of the actual sensors.
However, by combining these two data sources, one from the ROV model and the other from
the sensor system, the covariance of errors are significantly reduced with the effects of sensor
noise mitigated so that the feedback data are smoother than the raw signal which is directly
measured from the sensors (comparison of the red and the blue/dot lines in Figure 5). It shows
that good feedback signals can be obtained by using Kalman filters, thus reducing the effect
of noise and mathematical model uncertainty in order to improve the ROV performance.

From the three last graphs of Figure 5, it is seen that the under-actuated motions of the
ROV are affected by the water current disturbances, centripetal force, Coriolis force, etc. The
2D trajectory graph shows that the water current disturbance in the sway direction distorts
the path of the ROV. Since the number of actuators is less than the degrees of freedom, the
ROV operator has to compensate for the path deviation by manipulating the heading angle
of the ROV (yaw controller)in order to keep tracking the pre-defined way points.

B T -

Start point 104

T T . T
-10 5 0 5 10
X (m)

Figure 4. 3D and 2D trajectoryperformance of the ROV control by joystick
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The pitch and roll angles are caused by the coupling effect between the surge motion and
centripetal force. These angles can not be controlled by the actuators, and are automatically
restored to the equilibrium position by the righting moments created by the buoyancy and
gravity forces. The pitch and roll fluctuation amplitudes dictate the stability characteristic of
the vehicle, thus these angles must be kept as small as possible. The response of the pitch
motion (Fig 5) shows that this angle is proportional to the forward speed. This is due to the
thruster generating the moments as the vehicle moves forward, resulting in the pitch of the
vehicle. In addition, the lift forces generated on the vehicle frame due to the forward motion
contributes to the pitching moment. This is partially verified when noting that the pitching
moment is a function of the forward speed. At thesurge speedof 0.5m/s, the pitch and roll
angles are small and the equilibrium positionis easily maintained by the restoring forces. Thus,
the ROV system is stable and safe within the operating range speed.
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Figure 5. ROV responses

5. CONCLUSIONS

This paper has developed the hardware and the associated control algorithm for a low
cost ROV. The open source Arduino electronic controller was utilised as the main on-board
control unit. By connecting with various peripheral devices such as the IMU, pressure sensor,
and motor drivers, the Arduino controller collected the relevant data from the ROV sensors
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and directed them to the onshore station computer. The data is processed by the advanced
Kalman filter algorithm to reduce the influence of any external disturbances and noise, and
then combined with the ROV operator’s commands to generate the required control signals. In
addition, a Virtual Reality (VR) model of ROV has been proposed to display the behaviour,
spatial location, and attitude of the vehicle based on the feedback data. This effectively im-
proves the controllability of the vehicle, as the operator can directly observe the performance
of the ROV through different view-points and provide the required inputs to maintain the re-
quired trajectory. The simulations conducted are also able to validate the interaction between
the operator using the thumb joystick and the response of the VR model. The closed-loop
control system have been designed for surge rate, yaw rate and depth control. It facilitates the
operating process by linearizing the relationship between the joystick signal and the ROV ve-
locity. The simulation results have shown that the closed-loop system is stable in the operating
scenario even with the existence of sensor noise and external environmental disturbances.
Further work is required to verify the performance of the vehicle by conducting free run-
ning model tests to evaluate the performance of the physical system under varying operational
conditions. This will enable the VR model to be compared against the physical model for vali-
dation, thus providing a versatile design tool that can assist in the training of ROV operators.
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